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Background: Cytochrome P450 46A1 is important for normal brain function.
Results: The x-ray structures of P450 46A1 were determined in complex with the R and S isomers of the anticancer drug
bicalutamide.
Conclusion: The cyano group of the folded bicalutamide conformer coordinates the heme iron via a water molecule.
Significance:We demonstrate how conformational polymorphism affects drug entry and binding in the P450 active site.

Cytochrome P450 46A1 (CYP46A1) is the cholesterol 24-hy-
droxylase initiating the major pathways of cholesterol removal
from the brain, andbicalutamide (BIC) is a drug of choice for the
treatment of progressive androgen-dependent prostate cancer.
We evaluated the interactions of BIC with CYP46A1 by x-ray
crystallography and by conducting solution and mutagenesis
studies. Because BIC is administered to patients as a racemic
mixture of the S andR isomers, we studied all three, racemicBIC
as well as the S and R isomers. Co-crystallization of CYP46A1
with racemic BIC led to structure determinations at 2.1 Å reso-
lution with the drug complexes exhibiting novel properties.
BothBIC isomers bind to theCYP46A1active site in very similar
single orientation and adopt an energetically unfavorable folded
conformation. This folded BIC conformation is correlated with
drug-induced localized shifts of amino acid side chains in
CYP46A1 and unusual interactions in the CYP46A1-BIC com-
plex. One of these interactions involves a water molecule that is
coordinated to the P450 heme iron and also hydrogen-bonded
to the BIC nitrile. Due to polarization of the water in this envi-
ronment, the heme elicits previously unreported types of P450
spectral responses. We also observed that access to the P450
active site was affected by differential recognition of S versus R
isomers at the CYP46A1 surface arising from BIC conforma-
tional polymorphism.

In humans �75% of the marketed drugs are metabolized by
cytochrome P450 enzymes (CYP3 or P450) whereby the drugs
not only serve as P450 substrates but also as inhibitors (1). In
many cases inhibition of P450s is an unwanted side effect
leading to adverse drug reactions. Currently, only a small frac-
tion of therapeutic agents have been co-crystallized with
human P450s, thus limiting our understanding of the structural
basis of drug binding and precluding, in part, the development
ofmore specific pharmaceuticals. Among the structurally char-
acterized P450 drug complexes are those of CYP46A1, which
catalyzes cholesterol 24-hydroxylation and controls cholesterol
elimination from the brain (2–6). CYP46A1 is involved in
memory and cognition through the effect on cerebral choles-
terol turnover and could be a risk factor for Alzheimer disease
(for review, see Ref. 6). A number of medications were found to
bind tightly to this P450 in vitro, and the antifungal azole vori-
conazole was also shown to inhibit cholesterol 24-hydroxyla-
tion in vivo in mice (7–10). Five tight binding pharmaceuticals
were co-crystallized with CYP46A1 (8, 10) revealing the struc-
tural basis of undesired drug binding to a P450metabolizing an
important endogenous compound, cholesterol.
The visible spectrum of CYP46A1 as well as of all P450s

reflects the protein environment of the P450 chromophore (the
heme group) and axial ligation of the heme iron. In P450s, the
iron proximal ligation is always the covalent bondwith the pro-
tein cysteine residue, whereas the distal ligation varies because
of the reversible nature of ligand binding (for review, see Ref.
11). In the resting substrate-free, low spin ferric P450, the distal
(sixth) ligand is usually a water molecule, which can be dis-
placed upon substrate or inhibitor binding (12–15). If water
displacement leaves the sixth axial position unoccupied, the
P450 becomes high spin, and its Soret maximum (or � band)
shifts from 416–418 nm toward the shorter wavelength (the
so-called blue shift; type I spectral response). Accordingly, in
the difference spectrum, a peak appears at 380–390 nm with a
trough at 415–420 nm (16, 17). In contrast, in a type II spectral
response, the P450 remains low spin and the direction of the
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Soret peak shift is the opposite, toward the longer wavelength
(the so called red shift). Consequently, the difference spectrum
develops a trough at 390–410 nm and a peak at �421–435 nm
(16–18). The type II spectral response often reflects the coor-
dination of the heme iron with a nitrogen atom (15), which
usually stabilizes the low reduction potential of P450s. There-
fore, type II ligands are more often inhibitors rather than sub-
strates for P450s (19). Yet, there are exceptions; some type II
ligands could also be P450 substrates (20, 21), and some type II
inhibitors do not coordinate the heme iron directly but through
a bridging water molecule (22). A third type of P450 response
was also described, reverse type I, in which P450 spectral
properties become very similar or identical to those of sub-
strate-free, water-coordinated enzyme. Although this type of
response has not yet been characterized structurally, it is
believed to reflect the formation of the Fe-O bond where the
oxygendonor atom is either fromawatermolecule or the added
exogenous compound (18, 23). The spectral signature of
reverse type I response is a trough at 380–390 nm and peak at
415–420 nm in the difference spectrum, the mirror reflection
of type I difference spectrum (18).
The present study was initiated by the observation that the

anti-cancer drug and cyano-containing compound bicalut-
amide (BIC) elicits spectral changes in the CYP46A1 difference
spectrum that do not correspond to any of the previously
described P450 spectral responses: type I, type II, reverse type I,
or the known variants of these responses (18, 23). BIC-induced
spectral perturbations were also different from those induced
by cyano-containing compounds (18, 24). We, therefore,
decided to elucidate the structural basis for this unusual spec-
tral response and determined the crystal structure of CYP46A1
in complex with BIC. This structure, the first of a P450 with a
cyano-containing drug, revealed interesting features of BIC
binding to CYP46A1.

EXPERIMENTAL PROCEDURES

Chemicals—Racemic BIC (racBIC) was from Sigma and con-
tained S and R isomers of an unknown ratio. Individual BIC
isomers were from Toronto Research Chemicals. Most other
chemicals were from Sigma.
CYP46A1 Expression and Purification—All studies were car-

ried out on truncated, �(2–50), human CYP46A1 that was het-
erologously expressed in Escherichia coli as described (25). The
P450was then purified either as a substrate-free resting enzyme
(7) or as BIC-bound. The latter was obtained by saturating
CYP46A1 with the drug during the last purification step as
described (8).
Spectroscopic Characterizations—All spectra were recorded

using a double beam Shimadzu UV-2450 spectrophotometer
equipped with the temperature-controlled cell holder. The
buffer was 50 mM potassium phosphate (KPi), pH 7.2, contain-
ing 100 mM NaCl. The CYP46A1 concentration was 0.4 �M.
Difference spectra were generated by recording the CYP46A1
absorbance in a sample cuvette containing CYP46A1 and
increasing amounts of compound under study versus the
CYP46A1 absorbance in a reference cuvette containing
CYP46A1 and increasing amounts of the solvent in which the
compound under study was dissolved. Peak to trough absorp-

tion in the difference spectrum was measured and plotted
against the concentration of the compound under study.
Apparent binding constants (Kd) were calculated using either
Equations 1 or 2,

�A � ��Amax�L���Kd � �L�� (Eq. 1)

�A � 0.5�Amax�Kd � �E� � �L� � ��Kd � �E� � �L�2 � 4�E��L��

(Eq. 2)

in which �A is the spectral response at different ligand (com-
pound) concentrations [L], and �Amax is the maximal ampli-
tude of the spectral response. Equation 1 was used whenKdwas
higher than the enzyme concentration, whereas Equation 2was
applied when Kd was lower than the enzyme concentration
assuming 1:1 stoichiometry.
EnzymeAssayUsing Isolated Bovine BrainMicrosomes—The

isolation of bovine brain microsomes and measurements of
CYP46A1 activity were as described (10). Briefly, 1 mg of total
microsomal proteinwas used for reconstitutionwith 1�Mcyto-
chrome P450 oxidoreductase, varying concentrations of the
racBIC and NADPH regenerating system as a source of reduc-
ing equivalents in a total volume of 1 ml. The enzymatic reac-
tion was carried out for 30 min at 37 °C and terminated by the
addition two times of 3 ml of Folch reagent (chloroform-meth-
anol, 2:1, v/v). The CYP46A1 product 24S-hydroxycholesterol
was quantified in the chloroform extract by gas chromatogra-
phy mass spectrometry as described (26) using deuterated 24S-
hydroxycholesterol as the internal standard.
Crystallization, Data Collection, and Structure Determi-

nation—BIC-bound CYP46A1 was crystallized at 18 °C in sit-
ting drops after mixing 1 �l of an �40mg/ml P450 preparation
with 1�l of precipitant solution (12% PEG 8000, 50mMKPi, pH
5.8, and 20% glycerol). The crystals obtained were then used for
microseeding with a cat whisker. X-ray diffraction data were
collected from a single crystal at Stanford Synchrotron Radia-
tion Lightsource beam line 11-1 at 100 K (27). The diffraction
limit was 2.1 Å. The data set was processed with XDS (28) and
CCP4 programs (29). The structure of BIC-bound CYP46A1
was determined by molecular replacement using cholesterol
3-sulfate-bound structure as the search model with cholesterol
3-sulfate omitted (Protein Data Bank code 2Q9F) and Phaser
(30). The model was refined using Refmac (31) and Coot for
electron density fitting (32). The BIC complex crystallized in
space group I4122with onemolecule per asymmetric unit. Data
collection and refinement statistics are given in Table 1; coor-
dinates and structure factors have been deposited in the PDB
(code 4FIA).
Site-directed Mutagenesis—Mutations in the CYP46A1 ex-

pression construct were introduced using an in vitro
QuikChange site-directedmutagenesis kit (Stratagene) accord-
ing to the instructions. The correct generation of desiredmuta-
tions and the absence of undesired mutations were confirmed
by DNA sequencing of the entire CYP46A1 coding region.

RESULTS

Spectral Changes in CYP46A1 Induced by racBIC—The addi-
tion of the drug led to only very small changes in the absolute
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spectrum of CYP46A1 as compared with that of the P450 in the
resting substrate-free state (Fig. 1A). The Soret and � bands
blue-shifted by 1 and 2 nm, respectively, and their intensities
were slightly altered; the absorbance of the Soret band
increased by �1%, and that of the � band decreased by �5%.
These spectral perturbations were similar but not identical to
those observed in our previous studies when CYP46A1 was
titrated with 24S-hydroxycholesterol (Fig. 1B), a product and
simultaneously substrate for CYP46A1 that could be further
metabolized by the enzyme to 24,25 and 24,27-dihydroxys-
terols (33). 24S-Hydroxycholesterol also induced a blue shift
(by 0.5 nm) of the CYP46A1 Soret band and slightly changed its
intensity but did not affect the position and intensity of the �
band. To confirm that the alterations of the CYP46A1 absolute
spectrum upon the addition of racBIC are real, we used the
approach described in the earlier work with P450cam (12, 34).
Substrate-free, low spin CYP46A1 was first supplemented with
a type II ligand imidazole to induce an 8-nm red shift of the
Soret band and alter the intensity of the � band (Fig. 1C), and
then racBIC was added. Changes elicited by racBIC in
CYP46A1-imidazole adduct were identical to those in sub-
strate-free CYP46A1; the Soret and � bands blue-shifted and
their intensities increased and decreased, respectively, with the
peak maxima at 417 and 358 nm corresponding to those in
racBIC-complex obtained from substrate-free CYP46A1. Small
changes in the absolute spectrumof racBIC-CYP46A1 complex
as compared with the substrate-free P450 suggested that in the
former the heme iron remains hexa-coordinated and the sixth
iron ligand is still the oxygen atom. The electronic properties of
this oxygen donor atom are, however, not the same as in sub-
strate-free CYP46A1.

The difference spectrum of the substrate-free CYP46A1
titrated with racBIC had the peak at 415 nm and trough at 433
nm (Fig. 1A, left side inset). This spectrum was similar to that
induced in the imidazole-bound CYP46A1 (Fig. 1C, inset) and
represented a type of a spectral shift that was not reported pre-
viously. This shift, however, was similar to that elicited by 24S-
hydroxycholesterol, which had the peak at 410 nm and a trough
at 431 nm (Fig. 1B, left side inset). With each, racBIC and 24S-
hydroxycholesterol, the difference spectra induced in the sub-
strate-free CYP46A1 lacked isosbestic points, suggesting that
multiple spectral species are present. Nevertheless, the magni-
tude of the spectral responses was a function of ligand concen-
tration and showed the hyperbolic dependence on ligand con-
centration (Fig. 1, A and B, right side insets). This enabled
determination of the apparentKd values, 1.2 �M for racBIC and
0.2 �M for 24S-hydroxycholesterol. Unusual spectral response,
relatively tight binding to CYP46A1, pharmacological rele-
vance (i.e. wide use for the treatment of prostate cancer), and
the presence of a cyano group served as a rationale for crystal-
lization of CYP46A1 in complex with racBIC after the evalua-
tion of how racBIC inhibits CYP46A1-mediated cholesterol
24-hydroxylation in bovine brain microsomes.
Enzyme Assay Using Isolated Brain Microsomes—RacBIC

was originally identified as a binder and inhibitor of CYP46A1
in our previouswork assessing different Food andDrugAdmin-
istration-approved pharmaceuticals for the effect on activity of
CYP46A1 (10). In this investigation we screened drugs in the in
vitro enzyme assay containing purified recombinant CYP46A,
cytochrome P450 redox partner cytochrome P450 oxidoreduc-
tase, and a NADPH-regenerating system with the concentra-
tions of cholesterol and tested drug being equal to 2.7 and 43
�M, respectively, or 0.5 Km (2.7 �M) and 8 Km (43 �M) of cho-
lesterol for CYP46A1. Under these conditions, the extent of
CYP46A1 inhibition by racBIC was 65% (10). In the present
work we decided to further characterize racBIC and used iso-
lated bovine brain microsomes as a more physiologically rele-
vant system. In brain microsomes, CYP46A1 is associated with
the native membrane and, when supplemented with cyto-
chrome P450 oxidoreductase andNADPH,metabolizes endog-
enous cholesterol present in the endoplasmic reticulum. Simi-
lar to the assay with recombinant CYP46A1, brain microsomes
also showed inhibition of CYP46A1-mediated cholesterol
24-hydroxylation by racBIC (Fig. 2). The extent of the inhibi-
tion was dependent on the drug concentration and was 30% at
100 �M BIC, the maximal concentration that we tested. The
data obtained indicate that racBIC reaches the active site of
CYP46A, buried, as indicated by our previous studies (35), in
the membrane. However, at a relatively high 100 �M concen-
tration, the inhibition is moderate suggesting that additional
studies are required to clarify whether CYP46A1 could be
inhibited by racBIC in vivo. In particular, it would be important
to clarify whether there is BIC accumulation in cellular mem-
branes upon long term treatments (as in cancer patients) lead-
ing to high drug concentrations in the endoplasmic reticulum
and thus inhibition of CYP46A1.
Binding of racBIC to CYP46A1—Determination of the crystal

structure of the CYP46A1-racBIC co-complex revealed that for
most of the drug molecule, the electron density was well

TABLE 1
Crystallographic statistics

CYP46A1 complex R,S-BIC

PDB code 4FIA
Space group I4122
Unit cell dimensions (Å) 121.1 121.1 142.3
Molecules per asymmetric unit 1
Solvent content 52.9%
Data
Total observations � 0�F 197,160
Unique reflections � 0�F 30,829
Redundancy 6.4
Completeness 99.3%
Resolution (last shell) (Å) 2.21–2.10
�I/ �I� all data (last shell) 10.2 (1.3)
Rmerge all data (last shell) 0.052 (0.584)

Refinement
R-factor 0.208
Rfree 0.253
Reflections used 29,263
Test set 1,557 (5.1%)
Root mean square deviation from
ideality

Bond lengths (Å) 0.012
Bond angles (deg.) 1.25

Ramachandran plot
Favored regions 98.1%
Allowed regions 100.0%

Model Residues/average B (Å2)
Protein 426 (48.4)
Heme 1 (30.0)
R-BIC 1 (64.0)
S-BIC 1 (62.2)
H2O molecules 135 (54.3)
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defined, except the region around the asymmetric carbon con-
taining the methyl and hydroxyl groups, whose position deter-
mines the chirality of BIC (Fig. 3). We hypothesized that this
ambiguity in the electron density likely reflects binding of both
BIC isomers to CYP46A1 as racBICwas used for co-crystalliza-
tion. Therefore, CYP46A1 was titrated with individual S and R

isomers. The S-BIC produced the same unusual type of the
difference spectrum as racBIC (Fig. 1D, left side inset), whereas
the signal in response to the addition ofR-BICwas different and
of type I (Fig. 1E, left side inset). The apparent Kd values were
determined (1.8 �M for the S-BIC and 2.9 �M for the R-BIC),
and the occupancy of the active site with each of the isomers
was calculated based on the ratio of the isomer reciprocal Kd
values. The isomer geometry was then optimized, and themod-
els obtained were used for geometric restraints in the refine-
ment. In the final structure, the S- and R-BIC are bound iden-
tically to CYP46A1 except that themethyl and hydroxyl groups
at the chiral center are interchanged. After refinement of the S-
and R-BIC with occupancy 0.58 and 0.42, respectively, the Fo 	
Fcmap showedno significant electron density for either isomer,
whereas the density in the 2Fo 	 Fcmap enclosed both isomers
(Fig. 3; refined occupancies for ligands with comparable B fac-
tors, as in this case, are accurate to nomore than
10%).Hence,
the crystallographic refinement is consistent with a mixture of
the two isomers in the crystals.
The S-BIC hydroxyl is in a polar environment (Fig. 4A)

formed byWat-725 at 3.4 Å, the side chain of Arg-226 at 3.4 Å,
and Ala-474 carbonyl at 2.9 Å and is hydrogen-bonded to this
carbonyl, consistent with the lower Kd of the S isomer as com-

FIGURE 1. Absolute and difference (left side insets) spectra of CYP46A1 in the absence (black line) and presence (dashed colored lines) of different ligands.
Right side insets show the fitting of the binding curves. Shown are P450 spectra with racBIC (orange dashed line, A), 24S-hydroxycholesterol (olive dashed line, B),
imidazole (solid blue line) and racBIC (orange dashed line) (C), S-BIC (dashed purple line, D), and R-BIC (dashed green line, E). The concentration of CYP46A1 is 1�M, and that
of the ligand is 20 �M. The gray solid lines are the absorbance of BIC. Chemical structures of S-BIC (in purple) and R-BIC (in green) are also shown.

FIGURE 2. Inhibition of CYP46A1-mediated cholesterol hydroxylation by
racBIC in isolated bovine brain microsomes. Assay conditions are
described under “Experimental Procedures.” The results represent the aver-
age of triplicate measurements 
 S.D.

Bicalutamide-CYP46A1 Interactions

4616 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 7 • FEBRUARY 15, 2013



pared with the R isomer. Conversely, the chiral methyl group of
the S isomer is flanked by the hydrophobic side chains of Phe-80
at 3.2 Å and Ile-222 at 3.6 Å. In the R-BIC, the chiral function-
alities are rotated 180 °C relative to those in the S-BIC and are
also shifted by 0.6–0.7 Å (Fig. 4B). This rotation and shift elim-
inate the hydroxyl bonding to the Ala-474 carbonyl and likely
underlie the weaker isomer binding. A lack of the anchoring
bonding to the Ala-474 carbonyl is also probably the reason
why the R-BIC elicits a type I spectral response in CYP46A1, as
this isomer is moremobile and canmove closer (by up 0.8 Å) to
the heme iron and displace the coordinating water while keep-
ing other interactions essentially the same. Perhaps the spectral
properties of the racBIC-bound CYP46A1 are similar to those
of the S-BIC-CYP46A1 complex because the S isomer is the
predominant isomer in the racemicmixture and in addition has
a 1.6-fold lower Kd for CYP46A1 than the R isomer.
The positioning and interactions of the chiral functionalities

are the only differences between the binding of the S- and
R-BIC to CYP46A1. In both isomers the BIC amide nitrogen
forms a hydrogen bond with the Ala-474 carbonyl (2.9 Å), and
the O22 atom of the sulfonyl group is hydrogen-bonded to the
side chain of Trp-368 (Fig. 4,A andB). TheGlu-472 carboxylate
is positioned 3.2 Å from this sulfonyl oxygen, participates in a
water network with Wat-725 and Wat-723, and is also hydro-
gen-bonded to the Trp-368 amide. The fluorophenyl moiety of
BIC is in the hydrophobic side pocket (Fig. 4, C and D) formed
by the side chains of Trp-368, Phe-371, and Tyr-109; conse-
quently the fluorine atom and theGly-369 carbonyl are only 2.7
Å apart. The cyanotrifluoromethylphenyl occupies the center
of the active site and is confined by the BIC fluorophenyl on one
side and the side chains of Leu-112, Phe-121, Val-126, Ile-301,
and Thr-475 on the other. The key interaction stabilizing the

position of thismoiety is a hydrogen bond between the nitrogen
of the cyano group andWat-705 oxygen (3.0 Å) located orthog-
onally to the heme iron and serving as its distal ligand (the
Fe3�-O bond is 2.4 Å) (Fig. 4, A and B).

The cyano group in BIC is a strong hydrogen bond acceptor;
hence, the hydrogen bond in the -CN����(H)OH	-Fe3� adduct is
likely polarized to the cyano nitrogen making Wat-705 more
like the hydroxyl anion, OH	, rather than a neutral water coor-
dinating the heme iron in the resting state. In addition, the
Ala-302 carbonyl and Thr-306 hydroxyl at 3.2 and 3.4 Å,
respectively, fromWat-705 (Fig. 4,C andD) may also affect the
electronic configuration of the water oxygen and tune the
strength and polarization in the -CN����(H)OH	-Fe3� complex.
We suggest that it is the partial or complete deprotonation of
the aqua sixth heme ligand due to its interactions in the active
site that leads to the small blue shifts in the racBIC-induced
CYP46A1 absolute spectrum and unusual type of response in
the difference spectrum. To test this interpretation, we
attempted to obtain the Fe3�-OH	 adduct by placing
CYP46A1 in 100 mM glycine/KOH buffer, pH 10.0, at 4 °C as
described in previous studies of P450cam (24). Similar to
P450cam,wewere unable to obtain a stableCYP46A1-OH	 com-
plex because the P450 quickly denatured (withinminutes) at high
pH as assessed by the reduced CO difference spectrum (36).
Different Conformations of BIC in the Active Site of CYP46A1

andAndrogen Receptor (AR)—The crystal structure of the BIC-
CYP46A1 complex is the second structure of BIC bound to a
protein. Previously, BIC was co-crystallized with the ligand
binding domain of the AR, a therapeutic target for the treat-
ment of prostate cancer (37). This structure (PDB 1Z95) was
determined in complex with the R-BIC having a �30-fold
higher binding affinity to the AR than the S-BIC as indicated by

FIGURE 3. Unbiased �A weighted �Fo� � �Fc� electron density for the R,S-BIC complex of CYP46A1 at 2.1 Å resolution contoured from 3� to 5� in
intervals of 1�. BIC carbon atoms are white, oxygen atoms are red, nitrogen atoms are blue, fluorine atoms are purple, and sulfur atoms are cyan; heme carbon
atoms are orange; C� atoms of the I-helix are yellow. Both BIC isomers are shown.
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the R-BIC Ki of 11 versus 364 nM Ki of the S-BIC (38). Like BIC
isomers in CYP46A1, R-BIC in the AR resides in the hydropho-
bic cavity, and its functionalities (the chiral hydroxyl, amide
nitrogen, one of the sulfonyl oxygens, fluorophenyl fluorine as
well as the cyano group) are involved in hydrogen-bondingwith
the protein side chains, backbone atoms, or water molecules
(Fig. 5). Consistent with the cyano group being a strong hydro-
gen bond acceptor, it interacts with Arg-752 (at 3.0 Å;
-N�H����NC-) as well as a water molecule (Wat-108, at 3.0 Å)
and possibly Gln-711 (at 3.7 Å). The interaction of the fluoro-
phenyl fluorine is, however, different; a hydrogen bond is
formed to Wat-101 in the AR structure versus contact with a
glycine carbonyl in the CYP46A1 structure. The most notable
difference between BIC binding to the AR and CYP46A1 is the
BIC conformation. In the AR structure, R-BIC is in a bent con-
formation in which its amide nitrogen, one of the sulfonyl oxy-
gens, and the chiral hydroxyl forma triangle and at distances for
intramolecular hydrogen bonds. These intramolecular interac-
tions, which are precluded in the CYP46A1 complex due to the

folded conformation of BIC, orient the chiral hydroxyl group
for specific recognition in the AR. Hence, the folded conforma-
tion of BIC appears to afford greater potential for interactions

FIGURE 4. Views of the CYP46A1 active site illustrating interactions with BIC isomers (A and C, S-BIC; B and D, R-BIC). A and B, interactions with the BIC
chiral hydroxyl, amide nitrogen, sulfonyl oxygen, and cyano group are shown. C and D, interactions with the BIC fluorophenyl and cyanotrifluoromethylphenyl
rings are shown. S- and R-BIC are shown as sticks and balls in magenta and gray, respectively, and amino acid residues in CYP46A1 are depicted as sticks in light
magenta. Water molecules are shown as green spheres. Dashed black lines indicate hydrogen bonds. The heme group is in red. The nitrogen, oxygen, fluorine,
sulfur, and iron atoms are in blue, red, pale cyan, yellow, and orange, respectively.

FIGURE 5. Views of the AR binding pocket illustrating interactions with
R-BIC (in dark gray). Carbon atoms of AR are shown in purple. Water mole-
cules are shown as green spheres. Dashed black lines indicate hydrogen bonds.
The nitrogen, oxygen, fluorine and sulfur atoms are in blue, red, pale cyan, and
yellow, respectively.
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with the protein, consistent with lack of chiral recognition of
BIC in CYP46A1. The different BIC conformations in the two
protein co-complexes prompted us to examine BIC structures
when the drug was crystallized alone or the structure that was
calculated theoretically (39–42) (Fig. 6, C--G). We found that
in one of the experimentally determined structures (Fig. 6D)
and the computed structure (Fig. 6G), BIC is in the folded con-
formation. Thus, in the active site of CYP46A1, BIC is in one of
the possible conformations. However, in such a conformation
BIC cannot enter the P450 because this conformer iswider than
the substrate access channel in a substrate-free enzyme (PDB
2Q9G). This suggests that BIC enters CYP46A1 in the extended
conformation and once inside the active site becomes folded.
To gain insight into the mechanism of BIC folding, we com-
pared crystal structures of the BIC-bound and substrate-free
CYP46A1.
Putative BIC Folding in the CYP46A1 Active Site—Interac-

tion with BIC does not significantly affect the position of the
secondary structural elements in CYP46A1; the major confor-
mational changes are the shifts of the amino acid side chains
(Fig. 7). His-81, Lys-82, and Thr-228 on the protein surface
move because they are probably involved in the initial recogni-
tion of BIC by CYP46A1 (Fig. 7A). This initial recognition may
be followed by BIC sliding along the substrate access channel
toward the heme iron accompanied by the displacement of
Phe-80, Arg-226, and Asn-227 lining the interior of this chan-
nel. In addition, the side chain of Arg-226 rotates and becomes
hydrogen-bonded to the side chains of Asn-227 and Thr-223
and carbonyl of Gln-473 (Fig. 7B). Gln-473 in turn pulls the
Ala-474 closer to BIC placing its carbonyl at a hydrogen bond
distance to the drug amide, chiral hydroxyl of the S isomer, and
Wat-725 (Fig. 7C). The altered position of Gln-473 affects the
side chain of Glu-472, which becomes hydrogen-bonded to
Wat-725 and Trp-368 and shifts the latter. As a result, the Trp-
368 indole nitrogen forms a hydrogen bondwith one of the BIC
sulfonyl oxygens and likely triggers BIC folding in theCYP46A1
active site. Anchoring of BIC via hydrogen bonding to Ala-474
carbonyl, Glu-472 side chain, and possibly Gly-369 carbonyl
likely favors the interaction of the BIC cyano group with Wat-
705 ligating the heme iron. Once BIC is positioned in the active
site, there are also adjustments of the side chains inside the
binding cavity to improve the fit of the BIC molecule (Fig. 7D).
These include conformational changes of Met-108, Tyr-109,
Ala-111, and Leu-112 on the B�-helix, Val-115 and Phe-121 on
the B�-C loop, Met-218, Ala-224, and Ser-225 on the F-helix,
and Ile-301 andThr-475 on the I helix and	4–1 sheet. The side

chains on the secondary structural elements forming the
entrance to the substrate access channel move as well (Fig. 7E).
These are Lys-107 and Arg-110 on the B�-helix and Thr-114
andPhe-116 on theB�-C-loop. Collectively, the conformational
changes improve the CYP46A1 complementarity fit to BIC and
reduce the volume of the active site from 470 Å3 in substrate-
free enzyme to 402 Å3 in BIC-bound P450. Despite all the
adjustments and strong hydrogen-bond interactions, the bind-
ing affinity of BIC for CYP46A1 is only 1.2 �M, as assessed by
the spectral binding Kd, �100-fold higher than that for the AR
(38). A possible reason for this difference in apparent binding
affinity could be a low solution concentration of the BIC con-
former that can enter the CYP46A1 substrate access channel
and reach the active site, thus reducing the effective drug con-
centration and the apparent Kd. To test this hypothesis, we
generated a number of CYP46A1 mutants and characterized
them for binding of BIC.
BIC Binding Properties of the CYP46A1Mutants—His-81 is a

flexible amino acid residue on the CYP46A1 surface covering
the entrance to the substrate access channel. Placing a smaller
Ala at this position should increase BIC access to the active
site. The H81A mutation could also weaken the histidine
interaction with the neighboring F-G loop and favor drug
access. Consistent with our predictions, the Kd of the S-BIC
decreased �20-fold, whereas those of the R isomer and
racBIC did not change significantly (Fig. 8). Perhaps His-81
is more restrictive to the access of the S-BIC than to the
access of the R-BIC adopting in solution likely the extended
conformation, in which it can enter the substrate access
channel. This is in contrast to S-BIC, which cannot form
intramolecular hydrogen bonds stabilizing the extended
conformation and thus adopts the bulkier conformations in
which it cannot enter the wild type CYP46A1. Although the
Kd of the H81Amutant for the R-BIC decreased only slightly,
its difference spectra upon the addition of this isomer had a
blue shift in the position of the maxima when drug concen-
trations were increased, probably because of a somewhat
different position of R-BIC inside the active site.
The surface Lys-82 at the entrance to the access channel is

also flexible, and like His-81 controls drug access. In addition,
Lys-82 may be involved in the initial recognition of the BIC
nitrile. Hence, Lys-82 was mutated to a shorter but negatively
charged (at neutral pH) Glu and a shorter and hydrophobic
Met. Both mutants had a similar decrease in the Kd for S-BIC
(�4 fold) and also a similar change in the Kd for R-BIC (�2
fold), which increased. Possibly the size of Lys-82 and His-81

FIGURE 6. Conformations of BIC. A, in co-complex with CYP46A1 (both isomers are shown, S- is in magenta, and R- is in gray). B, in co-complex with the AR (37).
C–F, in structures of BIC alone (39 – 41), and G, in the computed structure (42). The nitrogen, oxygen, fluorine and sulfur atoms are in blue, red, pale cyan, and
yellow, respectively.
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differentially controls the isomer access to the active site, and
the polarity of the amino acid residue at position 82 is not
important for the isomer recognition byCYP46A1. The residue
polarity, however, seems to affect isomer binding when it is
mixed, as indicated by�2-fold difference in theKd values of the
K82E and K82Mmutants for racBIC and a change of the differ-
ence spectrum of the K82E mutant from the “unusual” form to
the reverse type I form.
Arg-110 is another conformationally flexible amino acid

residue at the entrance to the access channel, yet it points
away from the channel. Because Arg-110 is on the outside
surface of the B� helix, which defines the shape of the
CYP46A1 active site, mutation of Arg-110 may affect BIC
binding indirectly by altering the position of the active site
Tyr-109 and Leu-112. Indeed, the R110L mutation changed

BIC Kd values, and this effect was isomer-dependent; the Kd
of the S-BIC decreased 18-fold, and that of the R-BIC was essen-
tially unchanged. TheKd of racBIC increased 1.7-fold, supporting
our previous observationwith theK82Emutant that isomer inter-
actions with BIC are not the same when they are added to
CYP46A1 as a mixture. As in the case of the H81A mutant and
R-BIC, the difference spectrum of the R110L mutant also had a
blue shift in the position of themaximumupon increased binding
of the R-BIC.

Arg-226 is a residue lining the interior of the CYP46A1 sub-
strateaccesschannel. Inaddition to likelycontrollingBICaccess to
the CYP46A1 active site, Arg-226 is at a hydrogen-bond distance
(at 3.4 Å) to the S-BIC chiral hydroxyl and is close to Glu-472 (at
4.0Å),which is in thevicinityof theBICsulfoneofboth isomers (at
3.2 Å). The R226Emutation deletes a potential hydrogen bond to

FIGURE 7. Superimposed views of the active sites in BIC-bound (light magenta) and ligand-free (light blue) CYP46A1 showing the amino acid residues
undergoing conformational changes upon BIC binding. The putative sequence of the conformational shifts is also shown. A and B, shown are the move-
ments induced by the initial BIC recognition on the CYP46A1 surface and subsequent BIC sliding inside the substrate access channel. C, shown are key
conformational changes in the active site. D, shown are secondary adjustments in the active site. E, shown are secondary adjustments on the CYP46A1 surface.
The enclosed volumes of the active site in BIC-bound and ligand-free CYP46A1 are shown as a semitransparent pink surface and blue mesh. Water molecules
are shown as green spheres. Dashed black lines indicate hydrogen bonds. The heme group in BIC-bound and ligand-free CYP46A1 are in red and salmon,
respectively. The nitrogen, oxygen, fluorine, sulfur, and iron atoms are in blue, red, pale cyan, yellow, and orange, respectively.
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S-BIC chiral hydroxyl, but the replacing Glu could also interact
with either or both R- and S-BIC by accepting a hydrogen bond
from the BIC hydroxyl. In contrast, the R226M replacement
knocks out any possible interactions with BIC. Consistent with
possible multiple interactions of the replacement Glu, S-BIC,
R-BIC, and racBIC had reduced Kd values for the R226E mutant
(by6-,3.7-, and2.7-fold, respectively) (Fig.9).Thepatternof theKd
changes for the R226Mmutant was different; the Kd of the S iso-
mer was not affected, and those of the R isomer and racBIC
increased by 1.5- and 3.3-fold, respectively, consistent with
placement of the hydrophobic Met side chain near the BIC
chiral methyl group (S-BIC) versus the chiral hydroxyl
(R-BIC) (Fig. 4, A and B). Like the difference spectrum of the
R110L mutant, the difference spectra of the R226E and
R226Mmutants had shifted maxima in response to the addi-
tion of the R-BIC. The Met mutation also affected the spec-
tral response to racBIC, which showed the trough at 383 nm
besides the peak at 416 nm and trough at 434 nm.
We also investigated the effect of the replacements of the

amino acid residues inside the active site involved directly (Trp-
368 and Ala-474) or indirectly (Thr-306) in the interactions

with BIC. TheW368F substitution decreased the Kd of both S-
and R-BIC 2.6- and 2.9-fold, respectively, but did not affect the
Kd of racBIC. Perhaps Phe-368 is able to stack more effectively
on the fluorophenyl moiety of BIC. This mutant also showed
the shifted maximum in the difference spectrum induced by
R-BIC. The effect of the A474V substitution was mainly on
the shape of the difference spectrum, which, as with the
H81A, R110L, R226E, R226M, and W368F mutants, had a
blue shift in the position of the maxima upon increased con-
centrations of the R-BIC. Similarly, the Kd values of the
S-BIC, R-BIC, and racBIC for the T306A mutant were essen-
tially unchanged. Because Wat-705 and Wat-712 have mul-
tiple interactions, they could remain bound in the T306A
mutant, making its BIC binding properties and spectra very
similar to that of the CYP46A1 wild type, e.g.Wat-705 could
still hydrogen-bond to the carbonyl of Ala-302 while inter-
acting with the BIC nitrile.

DISCUSSION

The present work provides novel important insights into
areas of drug binding that are not yet sufficiently addressed.

FIGURE 8. Effect of replacements of amino acid residues outside the active site on difference spectra and apparent Kd values of the CYP46A1 mutants.
Insets show the fitting of the binding curves. BIC binding properties of the CYP46A1 wild type (WT) are shown for comparison. Titrations were carried with
racBIC, and S and R isomers as described under “Experimental Procedures.” The results represent the average of triplicate measurements 
 S.D.
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These insights pertain to 1) the effect of protein target on a
conformation of a bound drug, 2) conformational flexibility or
polymorphism of drugs, 3) selection of drug conformers at the
entrance to the substrate access channel, 4) interactions of
cyano groups in drugs, and 5) unusual drug-induced spectral
shifts in a P450, which represents a major family of drug-me-
tabolizing enzymes whose spectral responses are widely used
for characterization of the drug-P450 interactions.
We first encountered the effect of protein target on a confor-

mation of a bounddrug in our previous studies investigating the
interactions of CYP46A1 with the antidepressant medicine flu-
voxamine (10). The structure of the CYP46A1-fluvoxamine co-
complex suggested that fluvoxamine enters the P450 substrate
access channel in one (compact) conformation, which changes
(unfolds) when the drug reaches the active site. In contrast, in
the present study the drug (BIC) likely folds rather than unfolds
once in the CYP46A1 active site, and remarkably, this folding is
accomplished without the large scale conformational changes
in the P450. Quantum mechanical calculations (42) indicate
that BIC has two energetic minima: one when it is in the
extended conformation, similar to that observed in the AR

structure and the second minimum when it is in the folded
conformation, similar to those in some of the structures when
BIC was crystallized alone (39–41) or in complex with
CYP46A1. The present work shows that in CYP46A1, local
movements of amino acid residues induce BIC folding in a con-
formation that is energetically less favorable, likely because it is
stabilized by the hydrogen bonds between the BIC functional-
ities and the protein side chains and water. This finding is of
importance for in silico screening for predicting P450-drug
interactions. Apparently, energetically less favorable drug con-
formations could also be present in the enzyme active site and,
therefore, should be considered during screening.
Conformational polymorphism of BIC, a drug that has rotat-

able bonds, was first shown by x-ray crystallography (39–41)
and then confirmed by the investigation of the properties of the
individual BIC conformers (40). BIC in the folded conformation
was found to be less stable but more soluble than BIC in the
extended conformation and had a different extinction coeffi-
cient in the UV region as compared with the bent isomer (40).
Moreover, the recognition appeared to depend on how the iso-
mers were added to the P450: as a racemic mixture or individ-

FIGURE 9. Effect of replacements of amino acid residues inside the active site on difference spectra and apparent Kd values of the CYP46A1 mutants.
Insets show the fitting of the binding curves. Titrations were carried with racBIC, S and R isomers as described under “Experimental Procedures.” The results
represent the average of triplicate measurements 
 S.D.
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ually. Perhaps the preferred conformations of BIC isomers in
solution are different;mostly extended forR-BIC because of the
intramolecular hydrogen bonding and mostly folded for the S
isomer, which cannot form these hydrogen bonds. It is also
possible that when mixed in solution, there are interactions
between BIC isomers that affect their conformations. This will
be consistent with different spectral properties of racBIC and
its isomers that we observed (Fig. 1, A, D, and E). Collectively,
distinct effects of surface mutations on apparent binding affin-
ities of racBIC and its isomers demonstrate that drug-protein
interactions at the entrance to the substrate access channel
could play a role in selecting a specific drug conformation and
that the apparentKd of a drug could reflect the concentration of
a conformer that can enter the substrate access channel. The
present work expands our knowledge of the diversity of drug-
protein interactions.
The structural information on binding of racBIC also pro-

vides insight, in our opinion, into the nature of the CYP46A1
heme iron interactions with 24S-hydroxycholesterol, an abun-
dant brain sterol. We suggest that the sterol 24S-hydroxyl
ligates the iron through the bridgingwater, but since the oxygen
in the 24S-hydroxyl is a weaker hydrogen bond acceptor than
the nitrogen in the BIC cyano group, the 24S-hydroxycholes-
terol-induced spectral shifts are similar to those elicited by
racBIC but do not match them exactly. If the sterol 24S-hy-
droxyl ligated the heme iron directly, we would probably
observe a type I spectral response in CYP46A1, as we did in
CYP11A1 when its heme iron was directly coordinated by the
22R-hydroxyl of 22R-hydroxycholesterol (43).
The CYP46A1-BIC complex is the first P450 structure with a

bound cyano-containing drug. A comparison to the limited
number of crystal structures of cyano-containing pharmaceu-
ticals with proteins (for review, see Ref. 44) indicates that the
interaction of the BIC cyano group with a water molecule in
CYP46A1 is typical for this functionality that has a polarized
triple bond and is a very strong hydrogen bond acceptor. How-
ever, this interaction is unusual for a P450, as the BIC cyano
group accepts the hydrogen bond from the water serving as the
sixth ligand to the heme iron. Moreover, this group induces a
difference spectrum in CYP46A1 that was not described previ-
ously. Studies in the P450 field of theCYP121-fluconazole com-
plex already showed that a drug nitrogen can accept a hydrogen
bond from the P450 aqua ligand (22). Yet this nitrogen atom
was froma triazole, not a cyano group as in our co-complex, and
the CYP121 spectral peaks shifted in the opposite direction
representing an incomplete type II spectral response. The latter
suggests that in the BIC-CYP46A1 structure, the electronic
properties of the ligating water (hydrogen bonded to the cyano
group) are significantly different from those in the fluconazole-
bound CYP121 (hydrogen-bonded to the triazole functional-
ity). When combined with available data on spectral properties
of P450s with different types of the heme iron ligands (12, 16,
18, 24, 34), our crystallographic and spectroscopic data suggest
that it is possible that a hydroxyl anion serves as the sixth iron
ligand in the BIC complex. If so, this would be the first P450
crystal structure in complex with such a type of ligand.
In summary, initiated by the observation of the unusual spec-

tral response, studies of BIC-CYP46A1 interactions extended

beyond the traditional crystallographic analysis and led to novel
findings that enhance our understanding of drug binding to
enzymes and protein receptors. Our findings could also lead to
a design of more specific cyano-containing therapeutic agents.
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